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METHOD OF ELECTROPLATING UNIFORM
COPPER LAYERS

This application claims the benefit of priority under 35
U.S.C. §119(e) to U.S. Provisional Application No. 61/423,
407, filed Dec. 15, 2010, the entire contents of which appli-
cation are incorporated herein by reference.

The present invention is directed to a method of electro-
plating uniform copper layers on the edges and walls of
through-holes of substrates. More specifically, the present
invention is directed to a method of electroplating uniform
copper layers on the edges and walls of through-holes of
substrates by adding trace amounts of 3-mercaptopropane
sulfonic acid or salts thereof to the copper electroplating
composition.

Methods for electroplating articles with metal coatings
generally involve passing a current between two electrodes in
a plating solution where one of the electrodes is the article to
be plated. A typical acid copper plating solution comprises
dissolved copper (usually copper sulfate), an acid electrolyte
such as sulfuric acid in an amount sufficient to impart con-
ductivity to the bath, and proprietary additives to improve the
uniformity of the plating and the quality of the metal deposit.
Such additives include accelerators, levelers, and suppres-
sors, among others.

Electrolytic copper plating solutions are used in the fabri-
cation of printed circuit boards (“PCBs”). In PCB fabrication
copper is electroplated onto the walls of through-holes which
were made conductive in a previous electroless copper met-
allization process. The copper is electroplated onto the walls
of the through-holes to increase their conductivity and add
structural integrity for improved PCB reliability.

An ideal PCB copper electroplated through-hole exhibits
substantially uniform copper thickness from the surface of
the PCB to the entrance or edge of the through-hole and
through the length of the through-hole cylinder. Of particular
importance is a uniform edge thickness. The edge is often
referred to as a knee because of its appearance in cross-
sections. Due to mismatched coefficients of thermal expan-
sion between PCB dielectrics, such as FR-4 glass/epoxy
PCBs, and the electroplated copper, stresses are created dur-
ing thermal excursions such as seen during PCB assembly
and operating environment. These thermal stresses are par-
ticularly high at the edge or knee of the through-hole. Such
stresses may lead to cracks in the copper deposit and failure of
the PCB. A typical phenomenon observed at the surface of the
through-hole by the unaided eye or under magnification is
flaring or tear dropping. Flaring is the thinning of copper
around the through-hole. The copper is non-uniform such that
one side of the through-hole is noticeably worse than the
opposite side. This thinning extends from the surface of the
through-hole into the hole but not to the center of the hole,
hence a thin or week knee is formed. Accordingly, the thick-
ness and uniformity, i.e., throwing power, of the electroplated
copper at the knee is an important measure of the quality of
the copper deposit. Knee throwing power is defined as the
ratio of the thickness of the copper deposit at the knee divided
by the thickness of the copper deposit at the surface of the
substrate. Through-hole throwing power is defined as the
ratio of the thickness of the copper deposit in the center of the
through-hole divided by the thickness of the copper deposit at
the surface of the substrate.

Leveling agents are a typical additive of copper electro-
plating solutions. They are used to improve the copper deposit
uniformity and enhance throwing power by selectively sup-
pressing the plating at areas of high solution agitation and
high local charge density. Some levelers, however, may lead
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to copper deposits exhibiting high through-hole throwing
power with low knee throwing power. Low knee throwing
power is undesirable for the previously described reliability
problems. Accordingly, there is a need for a method of
improving the throwing power of knees of through-holes.

Methods include a) providing an electroplating composi-
tion including one or more sources of copper ions, 5-100 ppb
of'3-mercaptopropane sulfonic acid, salts thereof or mixtures
thereof, one or more additional brighteners, and one or more
levelers; b) immersing a substrate into the electroplating com-
position, the substrate includes a plurality of through-holes,
wherein knees and walls of the plurality of through-holes are
coated with a first copper layer; and c) electroplating a sub-
stantially uniform second copper layer on the first copper
layer of the knees and the walls of the plurality of through-
holes.

Compositions include one or more sources of copper ions,
5-100 ppb of 3-mercaptopropane sulfonic acid, salts thereof
or mixtures thereof, one or more additional brighteners and
one or more levelers.

The addition of 5-100 ppb of 3-mercaptopropane sulfonic
acid, salts thereof or mixtures thereof to a copper electroplat-
ing composition including one or more additional brighteners
and one or more levelers provides a substantially uniform
copper deposit at the knees and walls of through-holes and
increases knee thickness and throwing power.

The patent or application file contains at least one drawing
executed in color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.

FIG. 1 is a 5000x cross-section of a through-hole 0.3 mm in
diameter of an FR-4/glass-epoxy PCB with uniform copper
deposits on each knee and wall of the through-hole.

FIG. 2 is a 5000x cross-section of a through-hole 0.3 mm in
diameter of an FR-4/glass-epoxy PCB with non-uniform cop-
per deposits on each knee and wall of the through-hole.

As used throughout this specification, the following abbre-
viations shall have the following meanings, unless the context
clearly indicates otherwise: A=amperes; A/dm*=amperes per
square decimeter; °© C.=degrees Centigrade; g=gram;
mg=milligram; [ =liter; ppb=parts per billion; ppm=parts per
million; mmol=millimoles;  pm=micron=micrometer;
mm=millimeters; cm=centimeters; DI=deionized;
SEM=scanning electron micrograph; and ml.=milliliter. All
amounts are percent by weight and all ratios are molar ratios,
unless otherwise noted. All numerical ranges are inclusive
and combinable in any order, except where it is clear that such
numerical ranges are constrained to add up to 100%.

As used throughout this specification, the term “bath” and
“composition” are used interchangeably. “Deposition” and
“plating” are used interchangeably throughout this specifica-
tion. “Halide” refers to fluoride, chloride, bromide and
iodide. Likewise, “halo” refers to fluoro, chloro, bromo and
iodo. The term “alkyl” includes linear, branched and cyclic
alkyl. A “suppressor” refers to an organic additive that sup-
presses the plating rate of a metal during electroplating. The
terms “printed circuit boards” and “printed wiring boards”
are used interchangeably throughout this specification. The
term “knee” and “edge” are used interchangeably throughout
this specification. The articles “a” and “an” refer to the sin-
gular and the plural.

The aqueous electroplating compositions and methods are
useful in providing substantially uniform plated copper layers
on a substrate, such as a printed circuit board (PCB). The
compositions and methods increase thickness and improve
the throwing power of the edges or knees of through-holes
and on the walls of through-holes. In addition, the composi-
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tions and methods do not compromise the overall throwing
power of the through-holes or the balance of the overall
through-hole throwing power. PCBs typically contain a num-
ber of through-holes having a variety of sizes. Through-holes
in a PCB may have a variety of diameters, such as from 50 um
to 1 mm in diameter. Such through-holes may vary in depth,
such as from 35 pm to 8 mm and greater.

3-mercaptopropane sulfonic acid, salts thereof, such as
3-mercatopropane sulfonic acid, sodium salt, or mixtures of
the acid and salts are included in the copper electroplating
compositions in amounts of 5-100 ppb or such as from 25-100
ppb or such as from 10-50 ppb. If the amount of 3-mercapto-
propane sulfonic acid or its salts exceed 100 ppb, overall
through-hole throwing power, including the throwing power
of'the knees, degrades. Degrading of knee throwing power is
observed as flaring. The 3-mercaptopropane sulfonic acid,
salts thereof and mixtures are added to the copper electroplat-
ing compositions at the initial make-up of the electroplating
compositions without adding additional amounts during the
life of the electroplating composition and the electroplating
cycle. The addition of the 3-mercaptopropane sulfonic acid,
salts thereof or mixtures thereof is only added once and just
prior to electroplating.

In addition to the 3-mercaptopropane sulfonic acid, its salts
and mixtures thereof, which have brightener activity, one or
more additional brighteners are included in the copper elec-
troplating compositions. Such brighteners include, but are not
limited to, sulfur containing compounds, such as sulfopropy-
Idisulfide, its salts thereof, such as sulfopropyldisulfide,
sodium and potassium salts or mixtures thereof, 2-mercapto-
ethanesulfonic acid (sodium salt), and bissulfopropyl disul-
fide. Such compounds are disclosed in U.S. Pat. Nos. 3,770,
598, 4,374,709, 4,376,685, 4,555,315 and 4,673,469. Other
sulfur containing brighteners include, but are not limited to,
N,N-dimethyldithiocarbamic acid (3-sulfopropyl) ester,
sodium salt, (O-ethyldithiocarbonato)-S-(3-sulfopropyl)-es-
ter, potassium salt, 3-[(amino-iminomethyl)-thio]-1-pro-
panesulfonic  acid,  3-(2-benzthiazolylthio)-1-propane-
sulfonic acid, sodium salt and the thiol of bissulfopropyl
disulfide. Such additional brighteners are included in
amounts of 0.1 mg/I. to 200 mg/L, or such as from 1 mg/L to
50 mg/L.

The copper electroplating compositions also contain a
source of copper ions, an electrolyte, and a leveling agent.
Conventional additives may also be included in the electro-
plating compositions to tailor the operation of the electroplat-
ing process to optimize performance for a specific substrate.

Any copper ion source that is at least partially soluble in the
electroplating bath is suitable. Preferably, the copper ion
source is soluble in the electroplating bath. Suitable copper
ion sources are copper salts and include without limitation:
copper sulfate; copper halides such as copper chloride; cop-
per acetate; copper nitrate; copper fluoroborate; copper alkyl-
sulfonates; copper arylsulfonates; copper sulfamate; and cop-
per gluconate. Exemplary copper alkylsulfonates include
copper (C,-Cy)alkylsulfonate and more typically copper (C, -
C;)alkylsulfonate. Typical copper alkylsulfonates are copper
methanesulfonate, copper ethanesulfonate and copper pro-
panesulfonate. Exemplary copper arylsulfonates include,
without limitation, copper phenyl sulfonate, copper phenol
sulfonate and copper p-toluene sulfonate. Typically copper
sulfate pentahydrate and copper methanesulfonic acid are
used. Mixtures of copper ion sources may be used. One or
more salts of metal ions other than copper ions may be advan-
tageously added to the present electroplating baths. The addi-
tion of such other metal ion sources is useful in the deposition
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of copper alloys. Such copper salts are generally commer-
cially available and may be used without further purification.

The copper salts may be used in the aqueous electroplating
baths in any amount that provides sufficient copper ion con-
centration for electroplating copper on a substrate. Typically,
the copper salt is present in an amount sufficient to provide an
amount of copper metal of 10 to 180 g/LL of plating solution.
Alloys, such as copper-tin, for example, copper having up to
2% by weight tin, may be advantageously plated. Other suit-
able copper alloys include, but are not limited to copper-
silver, tin-copper-silver, and tin-copper-bismuth. The amount
of each of the metal salts in such mixtures depends upon the
particular alloy to be plated and is well known to those skilled
in the art.

Electrolytes may be alkaline or acidic. Suitable acidic elec-
trolytes include, but are not limited to, sulfuric acid, fluorobo-
ric acid, alkanesulfonic acids such as methanesulfonic acid,
ethanesulfonic acid, propanesulfonic acid and trifluo-
romethane sulfonic acid, arylsulfonic acids such as phenyl
sulfonic acid, phenol sulfonic acid and toluene sulfonic acid,
sulfamic acid, hydrochloric acid, and phosphoric acid. Mix-
tures of acids may be used in the present metal plating baths.
Typical acids include sulfuric acid, methanesulfonic acid,
ethanesulfonic acid, propanesulfonic acid, and mixtures
thereof. The acids are typically present in an amount in the
range of from 1 to 300 g/L, or such as from 5 to 250 g/L, or
such as from 10 to 225 g/L.. Electrolytes are generally com-
mercially available from a variety of sources and may be used
without further purification.

Such electrolytes may contain a source of halide ions,
manganese ions, ferrous ions or mixtures thereof as well as
other conventional ions, such as ions from transition metal
salts. Halide ions are typically chloride ions. A wide range of
such ions may be used. Typically, the ion concentrations are in
the range of from 0 to 100 ppm based on the electroplating
bath, or such as from 10 to 100 ppm, or such as from 20 to 75
ppm. Sources of such ions are generally commercially avail-
able and may be used without further purification.

Any compound capable of suppressing the copper plating
rate may be used as a suppressor in the electroplating baths.
Suitable suppressors include, but are not limited to, poly-
meric materials, such as those having heteroatom substitu-
tion, and those having oxygen substitution. Exemplary sup-
pressors are high molecular weight polyethers, such as those
of'the formula R—O—(CXYCX'Y'O), R' where R and R' are
independently chosen from H, (C,-C,)alkyl group and (Ce-
Ci0)aryz group; each of X, Y, X' and Y' is independently
selected from hydrogen, alkyl such as methyl, ethyl or propyl,
aryl such as phenyl, or aralkyl such as benzyl; and n is an
integer from 5 to 100,000. Typically, one or more of X, Y, X'
and Y' is hydrogen. Preferred suppressors include commer-
cially available polypropylene glycol copolymers and poly-
ethylene glycol copolymers, including ethylene oxide-propy-
lene oxide (“EO/PO”) copolymers and butyl alcohol-
ethylene oxide-propylene oxide copolymers. Suitable butyl
alcohol-ethylene oxide-propylene oxide copolymers are
those having a weight average molecular weight of 500 to
10,000, and preferably 1000 to 10,000. When such suppres-
sors are used, they are typically present in an amount in the
range of from 1 to 10,000 ppm based on the weight of the
electroplating composition, and preferably from 5 to 10,000
ppm.

Leveling agents may be polymeric or non-polymeric. Suit-
able polymeric leveling agents include, without limitation,
polyethylenimine, polyamidoamines and reaction products
of an amine with an epoxide. Such amines may be primary,
secondary or tertiary alkyl amines, aryl amines or may be
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heterocyclic amines. Exemplary amines include, but are not
limited to, dialkylamines, trialkylamines, arylalkylamines,
diarylamines, imidazole, triazole, tetrazole, benzimidazole,
benzotriazole, piperidine, morpholine, piperazine, pyridine,
oxazole, benzoxazole, pyrimidine, quonoline, and isoquino-
line. Any epoxy group-containing compound that can react
with the amine is suitable as the epoxide. Suitable epoxides
include, but are not limited to, epihalohydrin such as epichlo-
rohydrin and epibromohydrin, and polyepoxide compounds.

Derivatives of polyethylenimines and polyamidoamines
may also be used as leveling agents. Such derivatives include,
without limitation, reaction products of a polyethylenimine
with an epoxide and reaction products of a polyamidoamine
with an epoxide.

Examples of suitable reaction products of amines with
epoxides are those disclosed in U.S. Pat. Nos. 3,320,317,
4,038,161; 4,336,114; and 6,610,192. The preparation of the
reaction products of certain amines and certain epoxides are
well known, see, e.g., U.S. Pat. No. 3,320,317 and German
Patent App. No. DE 196 43 091. Reactions of amines with
epoxides are also disclosed in U.S. Pat. No. 7,662,981.

In one embodiment, levelers may include reaction products
of at least one imidazole compound of the formula

R! R?
N NH
N

R3

wherein R', R? and R? are independently chosen from H,
(C,-C,,)alkyl, (C,-C,,)alkenyl, and aryl and provided that R*
and R* are not both H. That is, the reaction products contain
at least one imidazole wherein at least one of R' and R? is
(C,-C,,)alkyl, (C,-C, ,)alkenyl, or aryl. Such imidazole com-
pound is substituted with a (C,-C,,)alkyl, (C,-C,,)alkenyl,
or aryl at the 4- and/or 5-position. Preferably, R', R* and R?
are independently chosen from H, (C,-Cy)alkyl, (C,-C,)alk-
enyl and aryl, more preferably H, (C,-C)alkyl, (C;-C,)alk-
enyl and aryl, and even more preferably H, (C,-C,)alkyl,
(C5-Cyg)alkenyl and aryl. The (C,-C,,)alkyl groups and the
(C,-C,,)alkenyl groups may each optionally be substituted
with one or more of hydroxyl groups, halogen, and aryl
groups. Preferably, the substituted (C,-C, ,)alkyl group is an
aryl-substituted (C,-C, ,)alkyl group, and more preferably is
are (C,-Cpalkyl. Exemplary are (C,-C,)alkyl groups
include, without limitation, benzyl, phenethyl, and methyl-
naphthyl. Alternatively, each of the (C,-C, ,)alkyl groups and
the (C,-C,,)alkenyl groups may contain a cyclic alkyl or
cyclic alkenyl group, respectively, fused with an aryl group.
As used herein, the term “aryl” refers to any organic radical
derived from an aromatic or heteroaromatic moiety by the
removal of a hydrogen atom. Typically, the aryl group con-
tains 6-12 carbon atoms. The aryl group in the present inven-
tion may optionally be substituted with one or more of (C,-
C,alkyl and hydroxyl. Exemplary aryl groups include,
without limitation, phenyl, tolyl, xylyl, hydroxytolyl, phe-
nolyl, naphthyl, furanyl, and thiophenyl. The aryl group is
preferably phenyl, xylyl or naphthyl. Exemplary (C,-C,,)
alkyl groups and substituted (C,-C,,)alkyl groups include,
without limitation, methyl, ethyl, n-propyl, iso-propyl, n-bu-
tyl, iso-butyl, sec-butyl, n-pentyl, 2-pentyl, 3-pentyl, 2-(2-
methylbutyl, 2-(2,3-dimethyl)butyl, 2-(2-methyl)pentyl,
neopentyl, hydroxymethyl, hydroxyethyl, hydroxypropyl,

10

20

25

30

35

40

45

50

55

60

65

6

cyclopentyl, hydroxcyclopentyl, cyclopentylmethyl, cyclo-
pentylethyl, cyclohexyl, cyclohexylmethyl, hydroxyclo-
hexyl, benzyl, phenethyl, naphthylmethyl, tetrahydronaph-
thalenyl, and tetrahydronaphthylmethyl. Exemplary (C,-Cy)
alkenyl groups include, but are not limited to, allyl, styrenyl,
cyclopentenyl, cyclopentylmethyl, cyclopentenylethyl,
cyclohexenyl, cyclohexenylmethyl, and indenyl. Typically,
the at least one imidazole compound is substituted with a
(C,-Cyalkyl, (C5-C,)alkenyl, or aryl at the 4- or 5-position.
More typically, the at least one imidazole is substituted with
(C,-Cyalkyl, (C5-C,)alkenyl, or aryl at the 4- or 5-position.
Still more typically, at least one imidazole is substituted at the
4- or 5-position with methyl, ethyl, propyl, butyl, allyl or aryl.
The useful imidazole compounds are generally commercially
available from a variety of sources, such as Sigma-Aldrich
(St. Louis, Mo.) or may be prepared from literature methods.

Any suitable epoxide-containing compound may be used
to make the reaction products. Such epoxide-containing com-
pounds may contain 1 or more epoxide groups, and typically
contain 1, 2 or 3 epoxide groups, and preferably contain 1 or
2 epoxide groups. Suitable epoxide-containing compounds
useful in the present invention are those of the formulae E-I,
E-I1, or E-1IT

E-D

(B-IT)

(E-IIT)

where Y, Y' and Y? are independently chosen from H and
(C,-C,)alkyl; X=halogen; A=OR* or R’; R*~((CR°R"),,0),,
(aryl-0),, CR°R™—Z—CR®R’00r0Z' O;R® =(CH,),;Alis
(C5-C,,)cycloalkyl; Z=a 5- or 6-membered ring; Z' is
R?0ArOR'?, (R'?0)_Ar(OR'®),, or (R'*0),Cy(OR'%);
Cy=(C5-C,,)cycloalkyl; each R® and R” are independently
chosen from H, CH, and OH; each R'' represents (C,-C,)
alkyl or (C,-C,)alkoxy; each R'? represents (C,-Cg)alkyl;
each R'? represents a (C,-Cy)alkyleneoxy; each a=1-10;
m=1-6; n=1-20; p=1-6; q=1-6; r=0-4; t=1-4; and y=0-6;
wherein Y and Y' may be taken together to form a (Cy-C,)
cyclic compound. Preferably Y=H and X=Cl or Br, and more
preferably, X=Cl. Y' and Y* are preferably independently
chosen from H and (C,-C,)alkyl. When Y* and Y are not
joined to form a cyclic compound, it is typical that Y* and Y*
are both H. When Y' and Y? are joined to form a cyclic
compound, it is typical that A is R’ or a chemical bond and
that a (C4-C,)carbocyclic ring is formed. It is typical that
m=2-4. Typically, n=1-10. It is further typical that m=2-4
when n=1-10. Phenyl-O is the typical aryl-O group for R* It
is typical that p=1-4, more typically 1-3, and still more typi-
cally 1-2. Z is typically a 5- or 6-membered carbocyclic ring
and, more typically, Z is a 6-membered carbocyclic ring.
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Typically, y=0-4, and more typically 1-4. When A=R’ and
y=0, then A is a chemical bond. Typically, m=1-6, and more
typically 1-4. It is typical that q=1-4, more typically 1-3, and
still more typically 1-2. Typically, r=0 and gq=1, and more
typically Y' and Y?>-H, r—0 and q=1. Typically,
Z'=R'?0ArOR'? or (R**0)_Ar(OR'®) . Bach R'?is typically
(C,-Cg)alkyl and more typically (C,-C,)alkyl. Each R*? is
typically (C,-C,)alkyleneoxy. It is typical that t=1-2. Typi-
cally, a=1-8, more typically 1-6 and still more typically 1-4.

Exemplary epoxide-containing compounds of formula E-I
are epihalohydrins. Typically, the epoxide-containing com-
pound is epichlorohydrin or epibromohydrin, and more typi-
cally, epichlorohydrin.

Suitable compounds of formula E-II where R*=((CR°R),,
0),, are those of the formula:

(B-Tla)

R6
0.
YZ_D\/OT%TOM
R !

where Y',Y?, R®, R, n and m are as defined above. Prefer-
ably, Y* and Y? are both H. When m=2, it is typical that each
R®is H, R is chosen from H and CH,, and n=1-10. When
m=3, it is typical that at least one R” is chosen from CH, and
OH, and n=1. When m=4, it is typical that both R® and R” are
H, and n=1. Exemplary compounds of formula E-Ila include,
but are not limited to: 1,4-butanediol diglycidy] ether, ethyl-
ene glycol diglycidyl ether, di(ethylene glycol) diglycidyl
ether, poly(ethylene glycol) diglycidyl ether compounds,
glycerol diglycidyl ether, neopentyl glycol diglycidyl ether,
propylene glycol diglycidyl ether, di(propylene glycol) dig-
lycidyl ether, and poly(propylene glycol) diglycidyl ether
compounds. Poly(ethylene glycol) diglycidyl ether com-
pounds of formula E-Ila are those compounds where each of
R®and R’=H, m=2, and n=3-20, and typically n=3-15, more
typically n=3-12, and still more typically n=3-10. Exemplary
poly(ethylene glycol) diglycidyl ether compounds include
tri(ethylene glycol) diglycidyl ether, tetra(ethylene glycol)
diglycidyl ether, penta(ethylene glycol) diglycidyl ether,
hexa(ethylene glycol) diglycidy] ether, nona(ethylene glycol)
diglycidyl ether, deca(ethylene glycol) diglycidyl ether, and
dodeca(ethylene glycol) diglycidyl ether. Poly(propylene
glycol) diglycidyl ether compounds of formula E-Ila are
those compounds where each of R°~H and one of R’=CHj,
m=2, and n=3-20, and typically n=3-15, more typically n=3-
12, and still more typically n=3-10. Exemplary poly(propy-
lene glycol) diglycidyl ether compounds include tri(propy-
lene glycol) diglycidyl ether, tetra(propylene glycol)
diglycidyl ether, penta(propylene glycol) diglycidyl ether,
hexa(propylene glycol) diglycidyl ether, nona(propylene gly-
col) diglycidyl ether, deca(propylene glycol) diglycidyl ether,
and dodeca(propylene glycol) diglycidyl ether. Suitable poly
(ethylene glycol) diglycidyl ether compounds and poly(pro-
pylene glycol) diglycidyl ether compounds are those having a
number average molecular weight of from 350 to 10000, and
typically from 380 to 8000.
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Suitable compounds of formula E-II where R4:(aryl-0)p
are those having the formulae E-IIb and E-Ilc:

(E-TIb)

Yz_(b\/om/oj\&
Yl
N

®"™,

(E-TIc)
_(|)>\/OO\/<(I)_

whereY', Y? and p are as defined above, and each R'* repre-
sents (C,-C,alkyl or (C,-C,)alkoxy, and r=0-4. Typically,
=0 and p=1, and more typically Y' and Y>=H, r=0 and p=1.

In compounds of formula E-II where R*~CR°R"—7Z—
CROR70, Z represents a 5- or 6-membered ring. In such ring
structures, the CRSR” groups may be attached at any position,
such as at adjacent atoms of the ring or at any other atoms of
the ring. Particularly suitable compounds of formula E-II
where R*=CR°R’—Z—CROR’O are those having the for-
mula

Y2 y!

(E-IId)

o 0
0 o
e~ <L,

R¢ R’ R6 R’

where Y, Y2, RS and R” are as defined above, and q=0 or 1.
When =0, the ring structure is a S-membered carbocyclic
ring and when g=1, the ring structure is a 6-membered car-
bocyclicring. Typically, Y* and Y>=H. More typically, Y* and
Y>=H and q=1. Typically compounds of formula E-II where
R*=CR°R’—Z—CR°R’0 are 1,2-cyclohexanedimethanol
diglycidyl ether and 1,4-cyclohexanedimethanol diglycidyl
ether.

When A=R?’, suitable compounds of formula E-II are those
having the formula:

(E-Tle)
0 0

A A
Y CHy %5 Y

where Y', Y? and y are as defined above. It is typical that
y=0-4, more typically y=1-4, and y=2-4. Exemplary com-
pounds of formula E-Ile include, without limitation, 1,5-
diepoxyhexane, 1,7-diepoxyoctane, and 1,9-diepoxydecane.
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In compounds of formula II where A=OZ* O, typical com-
pounds are those of the formula

O

e T

wherein Y! and Y are as defined above.

Suitable epoxy-containing compounds of formula E-III
may be monocyclic, spirocyclic, fused and/or bicyclic rings.
Typical epoxide-containing compounds of formula E-III
include 1,5-diepoxy-cyclooctane, 1,6-diepoxy-cyclodecane
and dicyclopentadiene dioxide.

The wuseful epoxide-containing compounds can be
obtained from a variety of commercial sources, such as
Sigma-Aldrich, or can be prepared using a variety of litera-
ture methods known in the art.

The reaction products can be prepared by reacting one or
more benzimidazole compounds described above with one or
more epoxide-containing compounds described above. Typi-
cally, a desired amount of the benzimidazole and epoxy-
containing compounds are added into the reaction flask, fol-
lowed by addition of water. The resulting mixture is heated to
approximately to 75-95° C. for 4 to 6 hours. After an addi-
tional 6-12 hours of stirring at room temperature, the resulting
reaction product is diluted with water. The reaction product
may be used as-is in aqueous solution, may be purified or may
be isolated as desired.

In general, the leveling agents have a number average
molecular weight (Mn) of 500 to 10,000, although reaction
products having other Mn values may be used. Such reaction
products may have a weight average molecular weight (Mw)
value in the range of 1000 to 50,000, although other Mw
values may be used. Typically, Mw is from 1000 to 20,000. In
one embodiment, Mw is 1500 to 5000. In another embodi-
ment, Mw is 5000 to 15,000.

Typically, the ratio of the imidazole compound to the
epoxide-containing compound is from 0.1:10to 10:0.1. Typi-
cally, the ratio is from 0.5:5 to 5:0.5 and more typically from
0.5:11t0 1:0.5. Other suitable ratios of imidazole compound to
epoxide-containing compound may be used to prepare the
leveling agents.

In another embodiment, at least one leveling agent in the
present mixture is a reaction product of an amine with an
epihalohydrin. Typically, the amine is imidazole and the epi-
halohydrin is epichlorohydrin. However, other epihalohy-
drins such as epibromohydrin may be used. In still another
embodiment, at least one leveling agent in the present mixture
is a reaction product of an amine with a polyepoxide com-
pound. In a further embodiment, the amine is imidazole and
the polyepoxide compound is a diepoxide compound of for-
mula (E-IIg) below:

The methods of depositing a conductive seed layer on the
knees and walls of through-holes of PCBs include electroless
plating. Electroless methods and compositions for plating
copper on PCBs and through-holes are well known in the art.
Conventional methods and electroless copper plating baths
may be used. Examples of such methods and electroless
copper baths are described in U.S. Pat. No. 4,563,217 and
U.S. Pat. No. 4,751,106. Such copper layers may range in

10

thickness of 1 um to 5 um. The PCB is contacted with the
copper electroplating bath described above; and then apply

(B-TI)
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ing a current density for a period of time sufficient to deposit
a second copper layer on the first copper layer.

(E-1ig)

_(|)>\/
(0]
(0]
R4 RIS
~o0 RIS
]

wherein R'® is (C,-C,,)alkyl; and R'* and R'* are indepen-
dently chosen from H and R'®, wherein n,=1-20. Typically,
n,=1-10 and more typically n,=1-5. In one embodiment,
n,=1. In a further embodiment, R'* and R'® are both H. In
another embodiment, R'® is optionally substituted. By “sub-
stituted” it is meant that one or more hydrogens are replaced
with one or more substituent groups, such as hydroxyl, (C,-
C,)alkoxy, thiol, amino, (C,-C,)alkylamino, and di(C,-C,)
alkylamino. While the polyepoxide compounds of formula
(E-11g) have two epoxy groups, polyepoxide compounds hav-
ing three or more epoxy groups may be used as well.

Exemplary reaction products of a compound including a
heteroatom chosen from nitrogen, sulfur and a mixture of
nitrogen and sulfur, with a polyepoxide compound containing
an ether linkage compounds of formula (E-IIg) have a number
average molecular weight (as determined by gel permeation
chromatography) of 500 to 25,000, although such reaction
products having other number average molecular weights
may be used. More typically, such reaction products have a
number average molecular weight of 1000 to 15,000 and still
more typically from 1250 to 5000. In general, the reaction
products of a heteroatom chosen from nitrogen, sulfur and a
mixture of nitrogen and sulfur, with a polyepoxide compound
containing an ether linkage compounds of formula (E-IIg)
have a molecular weight polydispersity of 1 to 5, more typi-
cally 1 to 4 and still more typically 1 to 2.5. In one embodi-
ment, the polydispersity is from 1 to 2.

Suitable non-polymeric leveling agents include, without
limitation, non-polymeric sulfur-containing and non-poly-
meric nitrogen-containing compounds. Exemplary sulfur-
containing leveling compounds include thiourea and substi-
tuted thioureas. Exemplary nitrogen-containing compounds
include primary, secondary and tertiary amines. Such amines
may be alkyl amines, aryl amines, and cyclic amines (i.e.
cyclic compounds having a nitrogen as a member of the ring).
Suitable amines include, but are not limited to, dialkylamines,
trialkylamines, arylalkylamines, diarylamines, imidazole,
triazole, tetrazole, benzimidazole, benzotriazole, piperidine,
morpholine, piperazine, pyridine, oxazole, benzoxazole,
pyrimidine, quonoline, and isoquinoline. The non-polymeric
amines may be unsubstituted or substituted. By “substituted”,
it is meant that one or more of the hydrogens are replaced by
one or more substituent groups. A wide variety of substituent
groups may be used, including amino, alkylamino, dialky-
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lamino, alkyl, aryl, alkenyl, alkoxyl, and halo. Other suitable
non-polymeric leveling agents include nigrosines, pentam-
ethyl-para-rosaniline hydrohalide, hexamethyl-para-rosa-
niline hydrohalide and compounds containing a functional
group of the formula N—R'7—S, where R'” is a substituted
alkyl, unsubstituted alkyl, substituted aryl or unsubstituted
aryl. Typically, the alkyl groups are (C,-Cg)alkyl and typi-
cally (C,-C,)alkyl. In general, the aryl groups include (C-
C,p)aryl, typically (C6-C10)aryl. Such aryl groups may fur-
ther include heteroatoms, such as sulfur, nitrogen and
oxygen. Typically the aryl group is phenyl or napthyl.

The leveling agents may also possess functionality capable
of acting as a suppressor. Such compounds may be dual-
functioning, i.e. they may function as leveling agents and as
SUppressors.

The electroplating baths may optionally contain additional
leveling agents that can be used in combination with the
leveling agents described above include, without limitations,
those disclosed in U.S. Pat. No. 6,610,192 (Step et al.), U.S.
Pat. No. 7,128,822 (Wang et al.), U.S. Pat. No. 7,374,652
(Hayashi et al.), and U.S. Pat. No. 6,800,188 (Hagiwara et
al.).

The amount of the leveling agent used in the electroplating
baths may depend upon the particular leveling agents
selected, the concentration of the metal ions in the electro-
plating bath, the particular electrolyte used, the concentration
of' the electrolyte and the current density applied. In general,
the total amount of the leveling agent in the electroplating
bath is from 0.01 ppm to 5000 ppm based on the total weight
of'the electroplating bath, although greater or lesser amounts
may be used. Typically, the total amount of the leveling agent
is from 0.25 to 5000 ppm and more typically from 0.25 to
1000 ppm and still more typically from 0.25 to 100 ppm.

Optionally, one or more aldehydes, one or more carboxylic
acids or mixtures thereof may be included in the copper
electroplating compositions to stabilize the compositions.
Acid anhydrides also may be included. During the electro-
plating cycle 3-mercaptopropane sulfonic acid and its salts
may decompose to levels below 5 ppb. Adding one or more
aldehydes or one or more carboxylic acids or acid anhydrides
or mixtures thereof to the electroplating compositions inhib-
its the decomposition of the 3-mercaptopropnae sulfonic acid
and its salts and maintains them at the desired levels of 5-100
ppb during electroplating. Aldehydes and acids are included
in the electroplating compositions in amounts of 25 ppm and
greater or such as 25 ppm to 100 ppm or such as from 50 ppm
to 75 ppm. Typically aldehydes are included to stabilize the
compositions. Aldehyde and carboxylic acid levels may be
maintained by conventional carbon polish processes well
known in the plating arts.

Carboxylic acids which may be included in the composi-
tions include, but are not limited to, monocarboxylic acids
and polycarboxylic acids including di- and tri-carboxylic
acids. Examples of carboxylic acids are acetic acid and its
anhydride, formic acid, citric acid, succinic acid, tartaric acid,
propionic acid, butyric acid, isobutyric acid, valeric acid,
isovaleric acid, oxalic acid, malonic acid, succinic acid, glu-
taric acid, adipic acid, acrylic acid, methacrylic acid, crotonic
acid, maleic acid, fumaric acid, citraconic acid and mesaconic
acid.

Aldehydes include, but are not limited to, R**—CHO,
where R'® is —H, (C,-C,,,) linear, branched, or cyclic alkyl;
(C5-C,p) linear, branched, or cyclic alkenyl; (C,-C,,) linear
or branched alkynyl; (C,-C,,) alkyl-O(C,-C;0) ,R"?; (C,-
C,,) alkyphenyl-O(C,-C;0),R*®; or -phenyl-O(C,-C,0),,
R'%; where X1 is an integer of from 1-500 and R'® is hydro-
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gen, (C,-C,) alkyl or phenyl; the (C,-C,,) alkyl, (C,-C,)
alkenyl, and (C,-C,,) alkynyl may be unsubstituted or sub-
stituted.

Substituents on the (C,-C,,) alky, (C,-C,,) alkenyl and the
(C,-C,,) alkynyl groups include, but are not limited to, halo-
gen, aryl, —SH, —CN, —SCN, —C—NS§; silyl, silane, —Si
(OH),, —NO,, SO,M, —PO,M, —P(R*?),, —OH,
—COOQOH, —CHO, —COO(C,-C,,) alkyl, —CO(C,-C,,)
alkyl, or NR*'R?*°, where R*® and R*' are independently
hydrogen, aryl, or (C,-C,,) alkyl; and M is H, or a counter ion
of alkali metal Li, Na, K, Rb, or Cs, and R** is H, or a halogen
F,Cl, Br, or 1.

Cyclic alkenyls and aryl groups include, but are not limited
to, phenyl, biphenyl, naphthyl, anthryl, phenanthryl, furanyl,
pyridinyl and pyrimidinyl.

Typical aldehydes are alicyclic and aromatic aldehydes
such as the (C,-C,,) cyclic alkyl, and the (C,-C,,) cyclic
alkenyl, or an aldehyde with an aryl substituent group. Aro-
matic groups include, but are not limited to, phenyl, biphenyl,
naphthyl, and furanyl.

Examples of specific aldehydes are formaldehyde, acetal-
dehyde, glutaraldehyde, 2,3.4-trihydroxybenzaldehyde,
3-hydroxybenzaldehyde, 3,4,5-trihydroxybenzaldehyde,
2,4-dihydroxybenzaldehyde, 4-hydroxy-3-methoxy cinna-
maldehyde, 3,4,5-trihydroxybenzaldehyde monohydrate,
syringealdehyde, 2,5-dihydroxybenzaldehyde, 2.4,5-trihy-
droxybenzaldehyde, 3,5-hydroxybenzaldehyde, 3,4-dihy-
droxybenzaldehyde, 4-hydroxybenzaldehyde, 4-carboxy-
benzaldehyde, 2-chloro-4-hydroxybenzaldehyde,
3-furanaldehyde, and benzaldehyde.

Examples of other aldehydes include, but are not limited to,
pyridine carboxaldehyde, benzaldehyde, naphthaldehyde,
biphenyl aldehyde, anthracene aldehyde, phenanthracene
aldehyde, 2-formyl phenoxy acetic acid, 2,3,4-trihydroxy-
benzaldehyde, 3-hydroxybenzaldehyde, 3,4,5-trihydroxy-
benzaldehyde, 2,4-dihydroxybenzaldehyde, 4-hydroxy-3-
methoxy cinnamaldehyde, 3,4,5-trihydroxybenzaldehyde
monohydrate, and syringealdehyde.

The methods of depositing a conductive seed layer on the
knees and walls of through-holes of PCBs include electroless
plating. Electroless methods and compositions for plating
copper on PCBs and through-holes are well known in the art.
Conventional methods and electroless copper plating baths
may be used. Examples of such methods and electroless
copper baths are described in U.S. Pat. No. 4,563,217 and
U.S. Pat. No. 4,751,106. Such copper layers may range in
thickness of 1 um to 5 um. The PCB is contacted with the
copper electroplating bath described above; and then apply-
ing a current density for a period of time sufficient to deposit
a second copper layer on the first copper layer.

The electroplating baths may be used at any suitable tem-
perature, such as from 10 to 65° C. or higher. Typically, the
temperature of the plating baths is from 10to 35° C. and more
typically from 15 to 30° C.

In general, the aqueous electroplating baths are agitated
during use. Any suitable agitation method may be used with
the present invention and such methods are well-known in the
art. Suitable agitation methods include, but are not limited to,
air sparging, work piece agitation, and impingement.

Typically, a substrate is electroplated by contacting the
substrate with the plating bath. The substrate typically func-
tions as the cathode. The plating bath contains an anode,
which may be soluble or insoluble. Potential is typically
applied to the cathode. Sufficient current density is applied
and plating performed for a period of time sufficient to
deposit a copper layer having a desired thickness on the
substrate as well as on the knees and walls of through holes.
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Suitable current densities, include, but are not limited to, the
range 0f0.05 to 10 A/dm? or such as 1 A/dm® to 5 A/dm?. The
specific current density depends in part upon the substrate to
be plated and the leveling agent selected. Such current density
choice is within the abilities of those skilled in the art.

The addition of 5-100 ppb or such as from 25-100 ppb or
such as from 10-50 ppb of 3-mercaptopropane sulfonic acid,
salts thereof or mixtures thereof in combination with one or
more additional brighteners to a copper electroplating com-
position provides a substantially uniform copper deposit at
the knees and walls of through-holes, thus improving the knee
and through-hole throwing power. The throwing power of the
knees may range from 80% and higher or such as from 85%
and higher or such as from 85% to 90%. The overall through-
hole throwing power may range from 80% and higher or such
as from 85% and higher or such as 85% to 90%. Accordingly,
the methods provide a good balance between the throwing
power of the knee and the through-holes. The substantially
uniform copper over the entire surface improves reliability,
i.e., resistance to cracking, during thermal excursions, such as
during reflow, assembly and or environment in end use. By
definition higher throwing power for both the through-holes
and knees means a substantially uniform copper thickness on
the substrate.

The following examples are included to further illustrate
the invention but are not intended to limit its scope.

EXAMPLE 1

A copper plating bath was prepared by combining 75 g/LL
copper as copper sulfate pentahydrate, 240 g/I sulfuric acid,
50 ppm chloride ion, 0.3 g/L. of aqueous manganese sulfate
solution, 1 mg/L. of sulfopropyldisulfide, 100 ppb 3-mercap-
topropane sulfonic acid, sodium salt, and 1.5 g/L. of a sup-
pressor. The suppressor was an EO/PO copolymer having a
molecular weight of <5,000 and terminal hydroxyl groups.
The plating bath also contained 5 mg/I. of a leveler which was
the reaction product of 63 mmol 1,4-butanediol diglycidyl
ether, 25 mmol imidazole and 75 mmol 4-phenylimidazole.
Analysis of the reaction product showed the following peaks:
d ppm: 9.22-7.22 (m, 24H, H,,,,.); 4.52-3.00 (m, 37.2H
(2.65x14 H), 4-CH,—O, 2CH—OH, 2CH,—N); and 1.74-
1.24 (m, 10.6H (2.653%4H), 2CH,,).

EXAMPLE 2

A sample (2.4 mm thick) of a double-sided FR4 PCB
(5x9.5 cm) having through-holes with an average diameter of
0.3 mm were first electrolessly plated with a thin copper seed
layer of 1-3 um using a conventional electroless copper plat-
ing bath. The sample was then plated in a Haring cell using the
copper plating bath of Example 1. The temperature of the bath
was 25° C. A current density of 2 A/dm? was applied to the
sample for 80 minutes. The copper plated sample was ana-
lyzed to determine the throwing power at the knees and the
through-holes. The sample was cross-sectioned at multiple
sections to visually compare and measure the thickness of the
copper deposit at the knees and the through-hole walls. FIG.
1 is a S000xSEM taken with a Leica microscope of one of the
through-holes. The SEM shows that the thickness of the cop-
per deposit is substantially the same on both sides of the
through-hole walls and at the knees. The average throwing
power of the through-holes was determined to be 80% and the
average throwing power at the knees was determined to be
87%.

EXAMPLE 3

The method of Example 2 was repeated using the same
type of PCB sample with the same dimensions. The sample
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was electrolessly plated with copper as in Example 2 and then
electroplated with the same copper electroplating bath of
Example 1 except that 3-mercaptopropane sulfonic acid,
sodium salt was not added to the copper electroplating bath at
make-up. Copper electroplating was done under the same
conditions and plating parameters as in Example 2. After
copper electroplating the sample was sectioned at multiple
sections to visually compare and measure the thickness of the
copper deposit on the surface of the sample and the through-
hole walls to determine the throwing power at the knees and
the through-holes. The average throwing power at the knee
was determined to be 55% and the average throwing power of
the through-holes was determined to be 80%. FIG. 2 is a
5000x SEM of one of the through-hole walls. The thickness
of the knee and wall of the through-hole on the left side is
thicker than that on the right side. Although the throwing
power of the through-holes was good, the throwing power of
the knees was poor. The copper electroplating bath where
3-mercaptopropane sulfonic acid, sodium salt was not added
to the bath at make-up had a lower knee throwing power than
the board in Example 2 where 3-mercaptopropane sulfonic
acid, sodium salt was added to the copper electroplating bath
at make-up.

What is claimed is:

1. A method comprises:

a) providing an electroplating composition comprising 1)
one or more sources of copper ions, ii) 5-100 ppb of
3-mercaptopropane sulfonic acid, salts thereof, or mix-
tures thereof and 1 mg/LL to 50 mg/LL of sulfopropyldis-
ulfide, salts thereof, or mixtures thereof, wherein the
5-100 ppb of 3-mercaptopropane sulfonic acids and salts
thereof, or mixtures thereof are added to the electroplat-
ing composition at an initial make-up of the electroplat-
ing composition without adding additional amounts of
the 3-mercaptopropane sulfonic acid, salts thereof, or
mixtures thereof during the life of the electroplating
composition and electroplating cycle, iii) one or more
additional brighteners, and iv) one or more levelers in
amounts of 0.25 ppm to 1000 ppm, wherein the levelers
are reaction products of an amine with an epoxide,
wherein the amine has a formula:

R! R?

Y

R3

N, NH

wherein R', R? and R? are independently chosen from H,
(C,.C,5alkyl, (C,-C,,)alkenyl, and aryl and provided
that R* and R? are not both H, and the epoxide has a
formula:

6

0 |
R7

n

where Y' and Y? are independently chosen from H and
(C,-Cy)alkyl, R® and R” are independently chosen from
H, CH; and OH and m=1-6 and n=1-20;
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b) immersing a substrate into the electroplating composi-
tion, the substrate includes a plurality of through-holes,
wherein knees and walls of the plurality of through-
holes are coated with a first copper layer; and

¢) electroplating a substantially uniform second copper
layer on the first copper layer of the knees and the walls
of the plurality of through-holes, wherein a throwing
power of the knees is 80% and greater and a throwing
power of the walls of the plurality of through-holes is
80% and greater.

2. The method of claim 1, wherein the electroplating com-

position further comprises one or more aldehydes.

3. The method of claim 1, wherein the electroplating com-

position further comprises one or more carboxylic acids.
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